The manufacturing procedures of spirits in the world such as whisky, brandy, rum, vodka, cachaça, and Chinese spirits are constituted of three consecutive processes: fermentation, distillation and ageing. For these processes, distillation process is closely correlated with the quality and yield of the raw spirit. Alembic stills and column stills are applied to the distillation of brandy, whisky, and cachaça. The former has no trays or appreciable reflux and requires multiple distillation to achieve high-proof raw spirits, while the latter has a reflux column to decreases the concentration of the congeners in raw spirits (Claus and Berglund, 2005) . A distinct device called as Zeng-tong (Li et al., 2012) has been widely applied to the distillation of Chinese spirits for a long history. The Zeng-tong is composed of reboiler, taper barrel, condenser and other attachments, such as stream pipes, lid and tube type heat exchanger (shown in Figure 1A ). Similar to fruit brandy (Claus and Berglund, 2005) , the operation mode of Chinese spirits belongs to a batch distillation. The main production process of Chinese spirits is as follows ( Figure 1B ). Prior to the spirit distillation, the fresh grains and grain hull are mixed with the fermented grains to adjust 
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their titer acidity, moisture and bulk density. Then the mixture is gradually filled into the barrel with the vapor spilling out from the surface of layer and forms a specific packed bed column. The distilling process begins after the mixture fully fills the Zeng-tong.
After the distillation completed, the distilled mixture is cooled and mixed with Daqu-starter for fermentation in the pit. At last the fermented grains are sequentially treated with the way described above. Therefore, the distillation process involves not only the condensing of alcohol and fractionating of the congeners, but also the gelatinization and liquification of starch in grains. The quality of raw spirit is generally controlled by dividing the distillates into several appropriate fractions or "cuts" (i.e discarding the head fraction, collecting the heart fraction and redistilling/discarding the tail fraction) (Scanavini et al., 2010) . However, the aromatic stability and consistence of the raw spirit completely depend on the operator's smell and taste. Till now, little information available concerning the effect of distillation process on the quality of raw spirit was reported.
Chinese spirits can be classified into several fragrance types including strong aroma (Luzhou-flavor), light aroma (Fen-flavor), sauce aroma (Maotai-flavor), sweet honey and miscellaneous type according to their flavor characteristics and brewing technology.
The volatile compositions of them have been previously studied, and more than seven hundreds components have been identified (Fan and Qian, 2006b; Zhu et al., 2007) . Whereas, few attention was paid on the characteristics of volatile compounds in different distilling stages (head, heart and tail fraction). Furthermore, confirming the fingerprint of flavor compounds in these distillates may contribute to optimize the distillation process and increase the yield and distilling efficiency, and evaluate the influence of distillation process on the formation of harmful compounds. From the latest literatures, Rogelio et al. analyzed the role of batch rectification on the quality of Mexican tequila, and compared the copper and stainless steel alembics on the formation of volatile compounds (Rogelio et al., 2005) . Bruno et al. investigated the influence of the configuration of the distilling system and procedure on the level of ethyl carbamate in cachaça (Bruno et al., 2007) .
Lukić et al. analyzed the change of concentrations of various volatile constitutions during the distillation process of fermented
Muscat Blanc and Muškat ruža porečki grape marcs (Lukic et al., 2011) . However, till now, little is known about the variation of the volatile compounds and their odor active values (OAV) in the distillation process of Luzhou-flavor spirit.
The aim of this study was to investigate the volatile compounds in raw spirits from three distilling stages, and analyze the influence of distillation on the quality of raw spirit. The OAV was used to evaluate the contribution of the volatile compounds to the whole odor. were all purchased from Sigma-Aldrich (St. Louis, MO, USA), and all standards used were of GC purity. Other reagents were of analytical purity.
Methods and Materials

Samples and chemicals
A total of three raw spirits belong to three distilling stages in the same batch were collected from Xufu distillery Co., Ltd., which is one of the typical Luzhou-flavor spirit manufacturing company in China. The distilling stages and related raw spirits were as follows: (1) head stage: about 1.5 kg raw spirit is collected from the pipe of tube type heat exchanger (e, Fig. 1 ) at the beginning of distillation, and this spirit is named as "head spirit"; (2) heart stage: along with the distillation, the heart raw spirit is collect within 30 min with special operation parameters (the spirit temperature: more than 30℃, outflow of spirit: approximately 2.5 kg/min), and this part of spirit is named as "heart spirit"; (3) tail stage: when the collection of heart spirit completed, the operators usually increase the steam reaching the maximum level to gelatinize and liquify the starch in grains and this stage will cost 45 min to 1 h, and the spirit collected at this stage is named as "tail spirit". Before the analyses, a total of 500 mL samples of each distilling stage were putted into reagent bottles with grinding stopper, sealed and stored at room temperature until analysis.
Extraction of volatile compounds
The volatile compounds in raw spirits were extracted based on the liquid-liquid extraction (LLE) method reported previously (Qian and Reineccius, 2002) with some modifications. Briefly, 10 mL raw spirit was transferred into roundflask and internal standard (methyl caprylate and caprylic acid) was added. Prior to the extraction of volatile compounds, the concentration of ethanol in raw spirit was adjusted to approximately 14% by distilled water. The mixture was saturated with NaCl and adjusted to pH 11 with 10% NaOH. Then 50 mL anhydrous diethyl ether was added into the pretreated raw spirit mixture to extract volatile compounds. The organic phase was transferred into the clean glass tube and labeled as "neutral fraction". The aqueous phase was adjusted to pH 1.7 with 2 M H 2 SO 4 and extracted by 50 mL anhydrous diethyl ether, and the extracted organic phase was labeled as "acidic fraction". All fractions were dried with 5 g of anhydrous Na 2 SO 4 , and concentrated the filtrate to 0.5 mL under the soft nitrogen. Each raw spirit was extracted and tested in three duplicate. Statistical analysis The content of volatile compound was expressed as mg/L. Analysis of variance (ANOVA) with Turkey's test was performed to evaluate significant differences in volatile compounds from different distilling stages. Significance of difference was defined at p < 0.05 (n = 3). One-way ANOVA was conducted using SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA).
GC-MS analysis
Results and Discussion
Accuracy of quantitative analysis based on GC-MS The accuracy and reliability of final analyses results are tightly correlated with the sample preparation procedure. In some previous literatures, numerous sample preparation methods, such as LLE, solid-phase microextraction (SPME) and stir bar sorptive extraction (SBSE), coupled with GC-MS were used to determine volatile compounds in Chinese spirits and wines (Hernandez-Gomez et al.; , Sanchez-Palomo et al., 2009 Fan and Qian, 2006a) . LLE represented a better applicability for sample preparation in previous experiments because all volatile compounds (low, medium and high volatility) can be analyzed in one or more extraction steps (Hernanz et al., 2008; Caldeira et al., 2007) . Prior to GC-MS detection, the main volatile compounds determined in previous literature (Fan and Qian, 2006a) were used to validate the accuracy of the detection method in the present research. The peak area ratios (neutral fraction/methyl caprylate and acidic fraction/caprylic acid) were used for the quantification of each compound. As shown in Table 1 , good linearity of calibration curve (r > 0.9) was obtained, and extraction recoveries were higher than 90% for all compounds tested. It was suggested that methyl caprylate and caprylic acid used as the internal standards was suitable to semiquantitatively or quantitatively evaluate the relative level of volatile compounds in distillates from different distilling stages.
Volatile compositions of different raw spirits
In this study, the volatile compounds from the head, heart and tail raw spirit were extracted by LLE method and then detected using GC-MS and GC analyses. Typical total ion chromatograms of neutral and acidic fraction in GC-MS system are displayed in Figure 2 . Figure 3 represents the total concentration of the volatile compounds. It is clear that the total concentration of volatile compounds significantly decreased with the distillation ( p < 0.05). The highest concentration was detected in head raw spirit (5105 mg/L), which was 1.4-and 2.8-fold higher than that in the heart (3611 mg/L) and tail raw spirits (1843 mg/L), respectively. The levels of esters and other compounds were sharply decreased from the head to tail raw spirit, whereas high levels of acids, alcohols, aldehydes and ketones were observed in the heart raw spirit ( p < 0.05).
The compounds identified, quantified and grouped by their affiliation with different chemical classes are revealed in Table 2 .
A total of 71 compounds composed of 10 alcohols, 34 esters, 10 acids, 5 aldehydes, 4 ketones, 2 phenols, 3 hydrocarbon compounds and 3 oxygen-containing compounds were identified and quantified. The raw spirit exhibited the ethanol contents ranging from 44% in the tail spirit to 75% (v/v) in the head spirit. Besides the ethanol, esters which accounted for 14% _ 61% of the total concentration were the largest group among these volatiles. The most abundant compounds were methanol, 2-pentanol, 3-methylbutanol, 1-hexanol, propanoic acid, hexanoic acid, ethyl butyrate, ethyl pentanoate, ethyl hexanoate, ethyl heptanoate, ethyl octanoate, acetaldehyde, 3-methylbutanal, 1,1-diethoxyethane and 1,1-diethoxyl-3-methylbutane.
Esters: Esters, the most numerous volatiles, are formed mostly through the esterification of alcohols with fatty acids during the fermentation, thermal distillation and maturing processes (Fan and Qian, 2005) . A total of 34 esters including 24 ethyl esters and 10 other esters were quantified with the total concentration ranging from 260 mg/L to 3133 mg/L (Table 2) . Esters especially ethyl esters represented the largest group in the number and concentration of volatile compounds identified. This result was coincided with the previous study (Fan and Qian, 2006a ) which also reported that ethyl ester was the main group in esters. Ethyl hexanoate was considered to be the dominant compound in
Luzhou-flavor spirit (Xu et al., 2010) . In this study, ethyl hexanoate accounting for 36.7 _ 70.0% of the total esters was the most important ethyl ester and its concentration obviously decreased during the distillation process (P < 0.05). Meanwhile, the concentration of most esters was also significantly decreased from the head to tail raw spirit (P < 0.05), such as ethyl butyrate, pentanoate, hexanoate, nonanoate, palmitate, oleate and butyl hexanoate. The similar pattern was also found in Muškat Ruža
Porečki grape marcs and melon wine (Lukic et al., 2011; Hernandez-Gomez et al., 2005) . Whereas ethyl lactate significantly decreased during the distilling process. It is possible that high flow rate of vapor in the initial stage of distillation process promote the volatilization of these esters with high boiling point.
Traditionally, the content sequence of ethyl esters in commercial Luzhou-flavor spirit is ethyl hexanoate > acetate ≥ Acids: Acids were the second largest group detected in this study. In the spirit samples, 10 acid derivates were identified (Table   2 ), and 9 of them were also indentified in previous studies (Fan and Qian, 2006a) . The total concentration decreased from 239 mg/L in the heart raw spirit to 167 mg/L in the tail raw spirit. Based upon their concentration percentage, hexanoic acid was the major acid in all spirits (accounting for approximately 50% of total acids). A sharp decrease of the concentration was noted in propanoic acid and palmitic acid from the head to tail raw spirit ( p < 0.05), which was deviated with that obtained by Lukić (Lukic et al., 2011) . Li et al., (2012) found that high flow rate of vapor could increase the volatility of hexanoic acid. Combined with the decreasing tendency of ethyl lactate, it assumed that the excessive high flow rate of vapor at the head stage lead to the acids streamed out too early.
Alcohols: Alcohols are major products of fermentation of sugars and amino acid (Silva et al., 1996; Wondra and Berovic, 2001 ). Among 10 alcohols detected, methanol, 2-methylpropanol, 2-pentanol, 3-methylbutanol and 1-hexanol were considered to be the predominant alcohols on account of their high content.
Approximately equal concentrations of methanol were detected from the head raw spirit to tail spirit, which showed a similar pattern in the Muškat ruža porečki grape marc (Lukic et al., 2011) .
It was reported that methanol is produced by the hydrolysis of pectic substances (Mangas et al., 1995) . High level of methanol in raw spirits maybe explained by the intense liquefaction of grains especially the grain hull during the distilling process. The concentration of 2-pentanol significantly decreased from the head to tail spirit ( p < 0.05). High concentrations of 1-propanol, 3-methylbutanol and 1-hexanol were monitored in the head and heart raw spirits, and this was agreement with the previous finding (Leaute, 1989) . Probably high volatility of these low boiling point compounds such as 1-hexanol and 1-propanol leaded to high content in the heart raw spirit. As it documented that 1-hexanol is considered to be a positive affection on the aroma of the distillate when the content of which up to 20 mg/L (Apostolopoulou et al., 2005) . It suggested that the quality of the heart raw spirit may superior to others. The aromatic higher alcohol-phenethyl alcohol (8.70 mg/L) exhibited an increasing trend from the head to tail raw MS, compounds were identified by MS spectra; RIL, compounds were identified by a comparison with the retention index from the literatures; Std, compounds were identified by a comparison with the retention index from the pure standard.
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The reference from which the odor threshold had been taken was given in parentheses.
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The concentrations of volatile compounds were represented as mean value of triplicate samples ± standard deviates (mean ± SD). Different letters indicate significant differences ( p < 0.05, ANOVA, Turkey's test). 'nd' means not determined.
spirit, which was in accordance with the result of Lukić and Apostolopoulou (Lukic et al., 2011; Apostolopoulou et al., 2005) .
Additionally, 2-methylpropanol also exhibited the highest concentration of 37.5 mg/L in the tail raw spirit.
Aldehydes and ketones:
Most aldehydes are probably metabolites of bacteria (Lachenmeier and Sohnius, 2008) , and ketones are formed by the autoxidation of fatty acids, especially unsaturated fatty acids (Grosch, 1982) . Furfural is formed during the distillation due to dehydration of fermentable sugars (pentoses) caused by heating in acid conditions and/or Maillard reaction (Mangas et al., 1995) . A total of 4 ketones and 5 aldehydes were observed, and the highest levels of aldehyde and ketone were determined in the heart raw spirit, followed by the head and the tail raw spirit. However, the previous literature observed a significant decrease in concentration during the distillation (Apostolopoulou et al., 2005) . It assumed that this was also owing to the high flow rate of vapor. Acetaldehyde, 3-methylbutanal and 1,1-diethoxyethane were considered to be dominant aldehydes in raw spirit upon their high concentration, and this agreed with these reported in previous studies (Fan and Qian, 2005; Kim et al., 2009) . A significantly dec r e a s e d p a t t e r n o f a c e t a l d e h y d e , 3 -m e t h y l b u t a n a l , 1,1-diethoxyethane and furfural was represent from the head to tail raw spirit ( p < 0.05), assumedly depending on their relatively low boiling points (103 _ 209℃) and the solubility in alcohol. Acetaldehyde is originated from the spontaneous or microbially mediated oxidation in distillates (Qian and Wang, 2005) . In this study, the acetaldehyde in raw spirits may from the spirit fermentation process of raw material because the raw spirits were not stored before sampling.
Phenols: Phenols especially 4-ethyl-2-methoxyphenol (4-ethylguaiacol) were the thermal degradation products of ligninrelated phenolic carboxylic acid (Zhang and Tao, 2009 ). The highest concentrations of 4-ethylphenol and 4-ethyl-2-methoxyphenol were monitored in the tail spirit, with the concentration of 1.92 mg/L and 6.51 mg/L, respectively. Similarly, these two phenols were also identified in Yanghe spirit (Fan and Qian, 2006b ), Maotai spirit (Zhu et al., 2007) and whisky (Caldeira et al., 2007) . High boiling point (217 and 236℃) could determine the concentration of them only emerging in the tail raw spirit because the last stage with higher flow rate and temperature comparing with other stages is always applied to gelatinize and liquefy the starch of grains.
Moreover, a total of 6 volatile compounds were identified.
N-propylbenzene, 2-methylnaphthalene, 1-methylnaphthalene belongs to hydrocarbon compound and (2,2-diethoxyethyl) benzene, 1,1-diethoxyl-3-methylbutane, and hexanoic acid, anhydride belongs to oxygen-containing compound. The decreased tendency was monitored in 1,1-diethoxyl-3-methylbutane because of its low boiling point (156℃) and which has also been identified in other
Chinese Luzhou-flavor liquor (Fan and Qian, 2005) , aronia spirit and sparkling wines (Bosch-Fusté et al., 2007; Balcerek, 2010 ).
Due to their low concentration, the identification and classification of many compounds in these two groups (hydrocarbon and oxygen-containing compound) such as n-propylbenzene, 2-methylnaphthalene, and 1-methylnaphthalene in raw spirit are still required in the further analysis.
OAV of volatiles in different raw spirits
The quantification data of volatile compounds in raw spirits from three distilling stages is listed in Table 2 . It is obvious that ethyl hexanoate had the highest OAV, and its value decreased from the highest in the head spirit (515766) to the lowest in the tail spirit (38286). Previous studies also reported that ethyl hexanoate was the key volatile compound in most Luzhou-flavor spirits, such as Yanghe (Fan and Qian, 2005) , Wuliangye and Jiannanchun (Fan and Qian, 2006a) based on its flavor dilution (FD) value, which contributed to the fruity, anise, apple, sweetish and pear odor (Jiang and Zhang, 2010) . It suggested that ethyl hexanoate played the most important role in the whole odor feature of the raw spirit.
Most esters with high OAV detected had a typical "fruit" and "floral" descriptor, and contributed to fruity, sweet, apple, (Fan and Qian, 2006a; Jiang and Zhang, 2010; Zhang et al., 2010) . It was worth noting that 3-methylbutanal with low threshold value (0.35 μg/L) (Qian and Wang, 2005) may largely contributed to a characteristic aroma of apple, although the concentration was relatively low (3.18 mg/L-37.9 mg/L).
Meanwhile, the important aroma compounds (OAV ≥ 10) included 1-hexanol, hexanoic acid, ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, ethyl benzenacetate, ethyl decanoate, 2-pentanone, 2-heptanone, 1,1-diethxoyethane 4-ethylphenol and 4-ethyl-2-methoxylphenol. 1-Hexanol, with a floral and fruity odor (Jiang and Zhang, 2010) , could be the dominant alcohol with the highest OAV. Hexanoic acid, one of main metabolites of Clostridium bacteria (Weimer and Stevenson, 2011) , was also identified as the dominating volatile component in various raw spirits. Previously, it was reported that 1,1-diethxoyethane was an important aroma compound in Yanghe spirit with the FD value more than 256 (Fan and Qian, 2005) . In this study, 1,1-diethxoyethane also showed high OAV, assuming that a tight relationship existed between the raw spirit and commercial spirit. 4-Ethylphenol and 4-ethyl-2-methoxyphenol were the odor active compounds in many oriental fermentation condiments such as soy sauce and soybean paste, which had the odor of cooked soybean, smokey and phenolic odours (Lee and Ahn, 2009; Giri et al., 2010b; Giri et al., 2010a) .
In addition, other volatile compounds such as propanoic acid, 2-methylbutanoic acid, ethyl acetate, ethyl butyrate, hexyl acetate and acetaldehyde with the OAV more than 1 may also contribute to the whole odor of the spirit. Ethyl acetate and ethyl butyrate represented the odor descriptions of green apple, strawberry, pineapple and sweet Vilanova et al., 2012) .
Conclusion
The volatile compounds of raw spirits collected from three distilling stages of Luzhou-flavor spirit were detected using GC-MS and GC analyses. Results showed that the total concentration of volatile compounds was obviously decreased from the head spirit to tail spirit ( p < 0.05) without any research purely based on the different boiling points or solubility of the compounds (e.g.
esters have higher volatility than alcohols). Ethyl hexanoate with the highest concentration and OAV was the most important odor active compound in each spirit. On the basis of high OAV, ethyl butyrate, ethyl heptanoate, ethyl octanoate, and 3-methylbutanal were also elucidated to be main contributors to the overall flavor of raw spirits. Results presented in this article may benefit to understand the changes and odorant contributions of volatile compounds in the distillation process of Luzhou-flavor spirit.
